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ABSTRACT

This study utilizes a non-contact technique, laser
speckle photography, to measure deformations associated
with sliding wear.

These deformations are those which

occur on the "side" of a rectangular-section pin which
is in sliding contact against a counterface disc.

The

"side" of the pin is illuminated by a pulsed ruby laser
beam, and a double exposure specklegram is made to
obtain deformations which occur between laser pulses.
So, by appropriately sequencing pulses, deformation
histories can be obtained, in situ.
Since the exposed "side" of the thin pin specimen
represents the "cover" layer under which subsurface
sections lie, the deformation history observable through
the laser speckle method reflects the deformation
behavior which is occurring on subsurface planes.
The strain fields associated with the deformations
are also calculated by the usual methods which include
nonlinear terms (Lagrangian formulation).

Moreover,

this research discusses the materials, apparatus and
experimental techniques employed, and presents results
obtained with several metallic specimens.

Of particular

interest is the extent of the plastically deformed
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subsurface zone for

different materials.

These fundamental data, obtained by the laser
technique, yield direct displacement or strain histories
for wear specimens.

Such data are important for

understanding wear phenomena, and for the development of
engineering models for wear.
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CHAPTER I
INTRODUCTION

Tribology research has enjoyed a healthy growth
during the past decade.

As stated by Jahanmir [1],

annually, more than six thousand papers and reports
related to tribology are published in the open
literature.
Wear is a central issue in tribology.

It is not a

unique physical mechanism, nor is it a material property
[2].

There are several basic mechanisms of wear:

abrasion, adhesion, and surface fatigue, which may
interact in a given situation.

The predominance of one

mechanism, or the nature of the interaction between
mechanisms, is governed by the conditions surrounding
the situation, including the properties of the
materials, the loading, the type of motion, geometry,
environment, etc.

Review of Related Literature
In recent years, significant advances have been made
in the understanding of material behavior in the wear
process [3-35].

And, although the complexity of dynamic

2

solid contact is increasingly appreciated [36-48], the
cause and effect relations between operational
parameters and the mechanics of wear are not yet well
understood.
In addition, wear behavior is frequently nonlinear, especially when expressed in terms that are of
engineering interest, e.g. depth, life, etc.

For

instance, doubling the number of cycles does not
necessarily mean the wear doubles, or doubling the load
does not always result in a doubling of the wear.

In

the former case, it is frequently experienced that the
wear does not increase as much as the number of cycles
[2].

However, doubling the load frequently can result

in more than twice the wear [2].
In spite of the complexity accompanied with dynamic
contact, a unique feature -"quasi- static" zones- does
exist in the near surface of contact of material pairs
[49 - 50]. And since the resistance to attrition of
these material zones controls the wear rate, it is
necessary to improve the understanding of the
developement, extent, and changes of these zones.
Figure 1 schematically illustrates these zones.
The material labelled zone 1 which is nearest the
contact interface, is compositionally different from the
remainder of the specimen.

That is, zone 1 can be an

.,___Elastic Deformation

Zone 3

Zone 2

\ \ \ l \ \ \~~

••

~\~~~~
'"~~~~

Cyclic Plastic
Strain Accumulation

~

Zone 1 ~ •
~

Compositional Mix:
Fine Crysta Hine S true ture

------•- Surface
Tractions

Figure 1.

Subsurface Zones.
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oxide layer of uniform composition, or it can be a
mixture of specimen and counterface materials with an

observable compositional gradient (51].

The important

point is that zone 1, which is generally only a few
microns thick, is chemically distinct from the rest of
the specimen.
On the other hand, zone 2 is compositionally
unaltered due to wear.

However, it has experienced

cyclic strain accumulation, and, depending upon the
initial properties of this material and upon contact
conditions, this zone may show evidence of void and
crack formation, of refinement and/or realignment of
grains, of extensive plastic deformation, etc. (52].
Finally, zone 3 is simply "original" material that is
altered neither structurally, as is zone 2, nor
compositionally, as is zone 1.

Clearly, the material in

zone 3 experiences only elastic deformation and thermal
expansion due to tribocontact of the specimen and
counterface.
Thus, there are two distinguishable near surface
zones that are produced in a wear specimen (or
counterface) due to repetitive tribocontact.

As a

matter of interest, these zones develop quickly to
achieve the quasi-equilibrium state (49]. Moreover,

these zones do not show evidence of significant changes
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with time, even though wear is occurring.

Furthermore,

it has been shown experimentally that different material
pairs or different nominal conditions of tribocontact

(stress, velocity, stiffness, environment, etc.) lead to
differences in subsurface zones, and also to different
wear rates [53-57).
Thus, laser speckle metrology is employed

(a) to

determine subsurface zone characteristics (both
thickness and extent of plastic strain accumulation),
and (b) to obtain "real time" subsurface zone growth
rate data.
As is well known, speckle photographic techniques
rely upon simple (non-contacting) illumination of a
surface by coherent light.

This produces multiple

interference patterns arising from the optically "rough"
surface, and these patterns appear as fine, randomly
distributed "speckles."

In this manner, the positions

of all points on a surface are "finger printed," and any
changes in position can be detected with high
sensitivity.

Moreover, the measurement sensitivity may

be varied continuously, between wide limits, by minor
adjustments in the associated optical system.

Indeed,

the required optical system is quite simple, and the
acquisition, reduction and interpretation of data are
straightforward.

In addition, requirements for
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mechanical stability are much less restrictive than
those for holographic interferometry.

Thus, laser

speckle techniques for 2-D strain field evaluation

(including in-plane translation, tilt, strain, rotation,
and vibration) have developed rapidly in the past decade
[58 -

75].

Scope of Work
This research utilizes different experimental
techniques to study wear phenomena. Mainly, laser
speckle photography is employed to measure surface
deformations as they occur in real time in a pin-on-disc
tribometer (Chapter V).

Also, the extent of plastic

deformation, and hence the zone 2/zone 3 interface, is
determined by using the above technique which is
explained in more detail in Chapter III.

In addition,

comparison between laser speckle data and theoretical
results for simple elastic compression is described in
Chapter IV.

A tribometer with special features is designed,
built, and calibrated to meet specific requirements such
as testing at different normal loads and relative
sliding speeds, investigation of the effect of individal

parameters, and the capability to employ optical
components for noncontact measurement (Chapter II).
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Moreover, two methods for minimizing experimental
error associated with "averaging" displacement data "at
a point" are described in Chapter IV.

One of these

methods involves focusing the incident laser beam used
for point-by-point analysis of the specklegram.

The

second method magnifies the specklegram by a
photographic technique.
Further, metallographic observations are employed
to check the validity of the laser speckle measurements
made on specimen transverse surfaces (Chapter V).

Objectives
The ultimate goal of this study is the development
of laser speckle techniques to determine near-surface
zone charateristics.

Among the specific objectives are:

1.

In situ investigation of the development of the
subsurface zones by means of observations made
on the surface of wearing specimens.

2.

Determination of the interface between elastic
and plastic subsurface zones (the extent of the
plastic deformation).

3.

Calculation of the strain field obtained from
the elastic and plastic deformations.
Contributions

The major contributions of this study can be
summarized as follow:
1.

Provide fundamental data on the initial
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development and subsequent growth (to quasiequilibrium configuration) of subsurface zones
in the test materials.
2.

When interpreted in the light of metallographic
results, the research also provides an
alternative to the tedious, time-consuming
procedures associated with metallographic
observation. Such an alternative holds
considerable promise not only in the laboratory
development of materials for wear-resistance
but also in future research on wear
fundamentals.

3.

Provide displacement versus time information
for the transverse surface of a wearing
specimen. Since such data are directly
correlated with subsurface deformation, there
is the basis for the development of a
mechanistic model for wear.

CHAPTER I I
MECHANICAL SYSTEM DESIGN AND ANALYSIS

A multipurpose wear testing apparatus has been
designed, constructed and calibrated.

The apparatus is

primarily a unidirectional wear testing device but it
may also be used for oscillatory wear experimentation.
Features of this design permit testing at different
normal loads and relative sliding speeds, and
investigation of the effect of individual parameters on
the wear process.

These features include a control of

system stiffness, the ability to vary the load and
rotational speed independently, a simple means of
applying either unidirectional or oscillatory sliding
modes, and the capability to employ optical components
for noncontact measurement.

Design Considerations
Wear studies involve consideration of numerous
parameters including material properties, geometrical
and surface configurations, force and motion parameters,
as well as environmental conditions.

Among these,

certain parameters are particularly significant in
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influencing the design of a given wear apparatus.
Obviously, the apparatus is expected to produce the
required level and patterns of motion and force at the
interface of prepared wear samples and to facilitate the
required measurement.
In recent studies of wear, the rigidity of the
apparatus (static stiffness, in normal and transverse
directions) appears to be one of the more significant
parameters [36-47].

Seif et al. [48] defined the

"dynamic stiffness" as a relevant factor in wear
studies.

In particular, the static and the dynamic

stiffness play a significant role when sensitive optical
measurements are involved.
One of the important factors in designing the
tribotester is to provide the space for components used
with the laser speckle photography technique.

Such

optical components need to be arranged so as to
eliminate any relative motion between the pin specimen
and the optical recording system.

Moreover, any source

of vibration should be excluded.
As a consequence of these considerations, and after
careful assessment of the state of knowledge concerning
studies of wear experiments and the laser speckle
photography technique, a set of design requirements was
established for the tribotester:
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a) The nominal contact stress should range from 0.5
to 500 MPa for rectangular sectioned pin
specimens of dimension roughly 1.5 mm x 6.0 mm.
b) The sliding velocity between the stationary pin
(specimen) and the rotating disk (counterface)
should range between 0.01 and 5.0 m/sec.
c) The apparatus should be designed for both
unidirectional sliding and oscillatory wear
experimentation.
d) The design should have the ability to rigidly
mount pins of different dimensions: length,
width, and thickness.
e) The design should incorporate an optical bench
to facilitate the laser speckle measurements.
f) The apparatus should eliminate any source of
vibration as well as any relative motion between
the optical components and the pin specimen.
In order to accomplish these tasks, careful study of
the relative merits of various arrangements utilized in
existing wear testers was done.

These requirements led

to the choice of arrangement for the apparatus to be
designed.

In addition, a novel technique for applying

the load was proposed.

In this chapter, the analysis

and the arrangement of the selected units of the
apparatus will be discussed in more detail.
Other features which were considered, and which can
be incorporated at a later stage in the designed
apparatus, include:

(i) allowance for producing other motion types.
(ii) measurement of the transverse force during
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sliding (friction force).
(iii) temperature measurement of surfaces in
contact.
(iv) lubrication of the contacting wear surfaces.

(v) studying the effect of stiffness in wear
phenomena.
(vi) applying other techniques such as dual-beam

laser speckle interferometry and holographic
interferometry.

The Wear Apparatus (An Overview)
Figure 2 shows an overview of the tribotesting
apparatus, consisting of:
1)

A main o.c. drive motor with variable speed and
reversing and jogging modes applied through a
controller. This motor provides the disc
rotation, with velocity ranging from 0.01 to
5.0 m/sec between the pin (specimen) and the
disc (counterface).

2)

An exchangeable motion box which provides
different modes of motion (i.e., unidirectional
rotary motion or oscillatory motion).

3)

A loading mechanism (governor) which provides a
normal load between pin and disc. This
mechanism uses a second o.c. motor with
variable speed to control the normal load and
thereby the nominal contact stress (ranging
from 0.5 to 500 MPa).

4)

The disc (counterface) which is attached to the
loading mechanism so that the normal load is
applied to the stationary pin (specimen)
through the disc.

5)

The pin and its holder which is designed to
allow different pin dimensions.

6)

A massive optical bench, and supporting frame

Pin Holder
(Rigid Frame ~
Connection To
Optical Bench)

Drive Mechanism -

ID--

Governor Drive Motor
(Provides •sttU- Normal
Force Between Pin/Disc)

Mein Drive Motor
(Provides Disc
Rotation)

~
Frame
Weldment

Figure 2.

Schematic of Tribotester Drivetrain and
Optical Bench.

~

w
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weldment.
These elements are discussed in greater detail in the

following sections.

Loading Mechanism
There are many ways to apply a load. However, the
main objectives for this application are (1) to cover a
wide range of load and (2) to return quickly to an
equilibrium configuration when a wear event perturbs the
normal operating conditions. Based on these
considerations, the governor mechanism was chosen.
Interestingly, this loading mechanism provides a means
by which wear tests can be conducted at easily varying
contact stiffness [48]. This will allow laboratory
investigations of the importance of this parameter in
tribotesting.
It should be noted that reference 48 is reproduced
in Appendix B.

As shown in the mentioned appendix, the

design and performance of the governor mechanism are
described in more details.

Moreover, the governor

mechanism, as compared to dead-weight loading systems,
returns considerably more quickly to an equilibrium
configuration when a wear event perturbs the normal
operating conditions.

15

Motion Box
The motion box, with dimensions of 4.5 in. x 4.5
in. x 11.5 in., is used to provide particular disc drive
characteristics.

For the unidirectional rotary box,

through a gear train, the output velocity has a range of
.01 to 5.0 m/s, and is controlled through a regulator
module (controller).

The maximum speed of the motion

box at a 1:1 gear ratio is 1750 rpm.

By adjusting the

Maximum Speed Potentiometer on the regulator module, the
maximum speed can be adjusted from 50% to 100% of this
speed.

The minimum speed is 5% of the maximum speed.

Should the minimum or maximum speeds be unacceptable for
experimentation, they may be adjusted by choosing a 1:2
or 2:1 gear ratio for the motion box. This adjustment of
gear ratios allows for a still greater range of speed
(.005 to 10.0 m/s) for experiments than what is
currently employed.
Another motion box provides capability for
oscillatory motion.

This box contains a four-bar

mechanism with force and shaking moment balance. When
using this motion box, a flywheel must be added to

provide the required torque.

Figure 3 shows the

fluctuations of the kinetic and friction torques, and
the total drive torque for this particular design.
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Pin Holder Design
The main features of the pin holder design are
rigidity and allowance for different pin "thickness."
The variable pin thicknesses allow experimental
correlation of surface and subsurface features.

The pin

holder itself is "rigidly" mounted to the optical bench
with forty-eight 1/4 in. bolts.

The necessary stiffness

is provided by welding seven-inch I-beams in order to
minimize deflection of the pin holder and movement of
the pin.

Optical Bench
The optical bench consists of a honeycomb tabletop
on a very rigid structural steel frame.

The

commercially obtained panels utilize a proprietary
high-density steel honey-comb core and an internal
damping system optimized to suppress the structural
resonances of the panel.

The bench has dimensions of 4

ft. x 8 ft. and this allows sufficient space for optical
component mounting, including a large ruby laser and its
thickness of 12 in. provides the required stiffness.
Figure 2 shows how the loading mechanism (governor) is

encased within the bench to provide stability.
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Frame Weldment
To achieve a stiff support structure, eight inch
c-sections are welded together to form the frame
weldment for the optical bench.

The weldment, with

overall dimensions of 82 in. (length) x 34 in. (width) x
34.5 in. (height), contains two beams in the
longitudinal direction, three beams in the transverse
direction, and six beams as legs.

CHAPTER I I I
OPTICAL SYSTEM DESIGN AND ANALYSIS

Since laser speckle phenomena are important in
several engineering applications, it is necessary to
consider many aspects: formation, limitation, size,
recording, and analysis. In this chapter, laser speckle
photography, including its components and requirements
pertaining to design and operation, will be discussed.
The first part of the process involves recording a laser
speckle pattern.

The second part of the process is

employed subsequently to extract information from the
specklegram. This later stage involves a point by point
filtering technique which yields a displacement vector
associated with deformation of a surface of interest.

The Speckle Phenomena
Speckle phenomena have been familiar for a long
time, but the introduction of lasers brought a deeper
understanding and many new applications (60, 61, 66].
Indeed, laser speckles appear everywhere in space
whenever an optically rough surface is illuminated with

a highly coherent light. However, the wavelength of the
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incident light must be of the order of the roughness of
the surface, or finer. The optical wave that originates
from any moderately distant point on the surface
consists of many coherent wavelets, each arising from a
different element of that surface. The optical distance
traveled by these various wavelets may differ by several
wavelengths. Also, the waves scattered from an optically
rough surface have not only random phases but also
random real amplitudes [76]. The interference of the
dephased, but coherent, secondary spherical wavelets
results in the granular pattern of intensity that is
called a speckle, Figure 4.

Speckle Size
The "size" associated with a laser speckle pattern
can be described as the average distance between
adjacent regions of maximum and minimum brightness, and
is an important statistical parameter. The speckle size
is related to the aperture angle that the radiation
giving rise to it subtends at the plane defining the
speckle field. Thus, in the case of coherent light
scattered from a circular region of diameter D, Figure
Sa, an image will form on a screen AB at a distance L,

and the pattern is comprised of "objective" speckles.
The size (diameter) d

0

of such "objective" speckles is
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Figure 4.

Typical Laser Speckle Pattern.
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given approximately by

(1)

where A is the wavelength of the laser light.
Alternatively, if the speckle field is formed by
collecting the scattered radiation field with a lens and
focusing onto a screen, Figure 5b, a "subjective"
speckle pattern is formed.

The size, ds, of the

speckles is then related to the focal length of the
lens, f, and the diameter of the lens D.

Therefore

ds ::: 1. 2 2 A f/D

( 2)

Note that f/D represents the F-number of the lens, F.
Equation (2) can be written as

d

5

::: 1.22

A F(l+M)

(3)

where Mis the magnification (image size/object size)
By visualizing the "subjective" speckle pattern as
an image of different scale in the plane of the
scattering surface, from simple lens theory, one can
show that the surface of the object is apparently

covered by speckle size~ given by
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::::: 1.22 A F(l+l/M)

(4)

Laser Speckle Photography
As a moderately sensitive technique, laser speckle
photography offers a powerful and simple tool for
studying surface roughness, for measuring in-plane
translation and strain, and for deformation and
vibration analysis.

Also, it can be utilized to measure

out-of-plane rotation (tilt).

The optical system is

simple, and the way of displaying and interpreting the
results is relatively easy.

Moreover, requirements for

mechanical stability are much less severe than those for
holographic interferometry. Further, the interpretation
of the fringes does not depend upon the illumination
direction, thus allowing divergent beam illumination and
thereby eliminating the size limitation
of the object.
It seems appropriate to compare the laser speckle
photography method with the Moire method, as both are
sensitive to in-plane displacement. While the Moire
method requires printing a grating on the object
surface, the laser speckle photography method utilizes
the naturally generated speckles as the grating. The
sensitivity of the speckle method is about an order of
magnitude higher than that of the Moire method.
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The method requiring a single illumination beam was
introduced by Archbold et al. (58-59) and later explored
by Duffy [77). The schematic diagram of the method for
recording a double-exposed specklegram is illustrated in
Figure 6, where the object to be studied is illuminated
by a divergent, coherent beam from any angle, and is
imaged by the camera. By doubly exposing the film in the
image plane with the specimen being deformed between the
exposures, a fringe pattern depicting in-plane
displacement due to the deformation can be extracted
from the processed photographic film using a Fourier
filtering technique. Both the component of the in-plane
displacement as well as the sensitivity can be selected
during the recording process.
By doubly recording the deformed and undeformed
speckle patterns on the same photographic film, two
identical grids (speckle patterns) are formed. So, for
each speckle in one pattern, there is an identical
speckle in the second one, but shifted because of the
deformation of the object. Each speckle pair works as if
there were two identical holes separated by a distance.
Hence, if a coherent light illuminates these "two
holes," fringes similar to Young's fringes are formed.
Therefore, once the double-exposed specklegram is
obtained, the in-plane displacement is made visible by a
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Fourier filtering arrangement.

Recording of a Specklegram
To introduce the basic concepts of speckle
photography, an in-plane displacement experiment is
considered, Figure 6·.

If the object translates

vertically by an amount Uy, the relative phase of the
light in each of the various rays that contribute to the
deformation of each speckle will be unchanged. Hence the
speckle pattern will simply translate as a whole in the
film plane by an amount MUY, where Mis the
magnification of the imaging lens.

Similarly, the

speckle will translate an amount MUx if the object
translates

ux

in the horizontal direction. The

translation of the speckle pattern for these in-plane
motions is independent of the angle of illumination Di.
To measure the in-plane displacement of the object
surface, double exposure photographs are taken on
fine-grain plates, before and after the movement.

The

two speckle patterns recorded will be locally identical,
but displaced by an amount and in direction related to
the movement of the corresponding part of the surface.
While in some instances it might be possible to measure

the displacement by identifying corresponding speckles
on the two images, this is more readily done by
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examining the diffraction pattern of the recorded
speckle intensity distribution.

Point-Wise Filtering of a Specklegram
After processing, the doubly exposed negative is
placed in an X-Y coordinate stage.

The film is

illuminated with a coherent light (unexpanded laser
beam) as shown in Figure 7.

The irradiance distribution

on the screen consists of a bright central spot
surrounded by a speckle pattern modulated by
co-sinusoidal fringes, as shown in Figure 8.

The bright

central spot is formed by undiffracted light transmitted
by the transparency; the modulated speckle pattern is
generated by light diffracted by the speckle pattern
recorded on the transparency. The cosinusoidal fringes
are formed because each pair of corresponding speckles
acts as a pair of identical sources of coherent light
which form Young's fringes.
Interpretation of the fringes is straightforward.
First, their orientation is normal to the in-plane
displacement vector U.

Second, the magnitude of U can

be determined by applying equation (5), which indicates
that if the speckles on the transparency (specklegram)

are separated by a distance "a," the fringes will have a
spacing df equal to [66]
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Figure 7.

Point-by-point Analysis for In-plane
Measurements.
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(5)

The in-plane displacement,

u, of the object is

related to the Young's fringe pattern by
U = a/M = A L/Mdf

(6)

where A is the wavelength of the laser light used to
form the fringes, Lis the distance between the film
plate and the screen, Mis the magnification of the
imaging system used to record the speckle photograph,
and df is the fringe spacing.
Thus, analysis of a double exposure specklegram is
carried out by directing a narrow beam of a laser onto
the film record, and by measuring the spacing and
orientation of the diffraction fringes. In this way, a
point-by-point record of the variation of speckle

pattern separation, both in magnitude and direction, can
be constructed. It is possible to achieve an accuracy of
at least 0.1 µmin measurement of displacement
magnitude, using this method [61).
To illustrate the technique, Figure 9 is a
schematic representation of the fringes which would be
observed if an object has rotated about an axis normal
to its surface.
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+)

Figure 9.

Schematic Representation of the Formation of
the Fringes Which Would Be Observed If the
Object Had Rotated about an Axis Normal to
Its Surface.
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Limitations
The laser speckle photography technique depends
mainly upon detecting the correlation between speckle
patterns generated by a scattering surface at different
times.

In this, it is essential for the speckle

brightness distribution to remain invariant unless
affected by changes in measurement related parameters.
This is evident because processing of speckle
photographs requires formation of Young's fringes by
diffraction of light by pairs of identical speckles.
Translucent surfaces which undergo even a small tilt
cannot be studied by speckle photography because the
multiple reflections occurring in the material below the
surface cause changes in the form of the speckles.
Similarly, a loss of correlation will result if strains
are large enough to appreciably alter the microscopic
structure of the surface under study.

This sets certain

limits to the conditions under which measurements can be
made.

Depth of Focus
Displacements parallel to the line of sight
(parallel to the optical axis), do influence the speckle
patterns.

The image becomes de-focused, and the speckle
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brightness distribution will change.

To ensure that the

speckles remain practically unaltered, the change of

focus between two exposures should not exceed the
Rayleigh limit;

/l z <

±

2 A F 2 ( 1 + M) 2

(7)

The surface being imaged, therefore, must not move in
the line of sight direction by more than a distance /lZ,
where;

(8)

This equation implies that:
(i) Methods employing a small aperture (high value
of F) such as the multi-aperture camera
techniques, or electron speckle pattern
interferometry (ESPI), have a large tolerance
to the amount of axial object motion allowable,
while for those techniques using large aperture
lenses, such as speckle photography, the
tolerance is more restricted. In speckle
photography, large aperture lenses are very
often necessary for the detection of movements
superposed with tilts or when small in-plane
movements need to be studied.
(ii) When demagnifying an object, a large Z movement
can be tolerated, but when magnifying an
object, the surface must remain almost in the
same plane. For example, using an F=4 lens, llz
is+ 0.7 mm for a demagnification of XS, but
only+ 30 µm when magnifying the object five
times [60].
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Surface Tilt
Tilts introduced into the object between two
exposures lead to a lateral shift of the identical
speckle patterns in the entrance pupil of the
image-forming optical system. The shifted speckle
should, however, remain inside the entrance pupil.
Otherwise the corresponding speckle pairs are no longer
correlated. In other words, the optical path difference
imparted to a particular speckle by an additional tilt
should be smaller than

A,

.
t

from which it follows that

t

s
l

llY <A/[(l+ cos8.)l:J
1

(9)

I.
C

C:

C

where

l: is the speckle size on the object, and Bi is the

angle of incidence. Furthermore, a tilt Y imparts an
additional phase shift to an individual speckle already
laterally shifted by

u.

To obtain good correlation of

the speckles recorded in the image plane, leading to
high fringe contrast, the total optical path difference
should not exceed A/4. For an optical path difference
of

A,

the fringe correlation will be nearly zero, and no

fringes will appear. For good fringe contrast

fly

<

i. / [ 4 ( l: + U) ( 1 + cos Bi) J

(10)

C:
C
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The tolerance on the tilt angle is thus inversely
proportional to U and proportional to the numerical
aperture of the image-forming system. The tolerance on

the tilt angle seems to be the most severe limitation to
speckle applications by photographic recording.

Surface Condition
Normally it is assumed that the surface under study
is not altered ,microscopically during the course of the
measurement. Such alteration may occur through
oxidation, re-crystallization, mechanical fracture, high
rate of deformation, or wear, and will lead to
decorrelation of the speckle.

.
t
r

Also, the condition of

the scattering surface itself can cause a change in the

C

C

speckle pattern if a tilt of the surface is introduced.

Coherence of the Laser Source
The brightness of an individual speckle is
dependent only on the relative phase of light vectors
scattered from individual points on the surface giving
rise to the speckle. It is, of course, independent of
the absolute phase of the light reaching the surface.
Therefore, a constant phase change of the incident

illuminating wave introduced between exposures in
double-exposure recording has no consequence, provided

C

0
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there are not any local variations. The laser radiation
must, however, be such that both temporal and

spatial

coherence are sustained over at least the dimensions of
an individual speckle. This is not difficult to achieve,
even when using a crude pulsed laser source (60].

Sensitivity
Young's fringes will be detected only within the
diffracted halo of light scattered by the doubly exposed
speckle negatives when the object displacements are
greater than the speckle size [59]. Thus the sensitivity
with which a displacement can be measured can be varied

over a wide range by changing the magnification Mand
the F-number, equation (4). Taking the case of an F= 2.8
lens used at unit magnification, the smallest detectable
displacement would be approximately 4 µm by this
criterion. This figure can be improved by superposing an
effective rigid body displacement greater than 4 µm onto
the specimen displacement between exposures. The true
specimen displacement can be obtained by subtracting the
rigid body displacement from the total displacement.
Another alternative to improve the sensitivity is
the "sandwich speckle method" which, instead of using
one film double exposed, uses two separate films and a
superimposed rigid body motion (79]. This gives a total
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displacement from which the rigid body component is
subtracted during subsequent analysis. In these cases,
the sensitivity depends on the accuracy in measuring the
Young's fringe separation. The mean fringe spacing of
even a noisy sinusoidal fringe pattern can be determined
to within

1%, provided measurements are taken over

several fringe spacings [61].

Recording of the Wear Specimen Specklegram
Before applying the laser speckle photography
technique on a tribosystem containing a stationary pin
and rotating disk, one should note that (a) this is a
dynamic system and (b) the pin (which is both the wear
specimen and the object to be photographed), will
experience very high localized strains.

Moreover, as

wear occurs, part of the specimen will disappear, and
still further, the wear track acts as an excitation
source towards pin vibration.
Figures lOa and 10b show schematic drawings of the
experimental arrangement for recording the specklegram.
A ruby pulsed laser, model 22 HD, Apollo Lasers, with a
pulse width of 30 ns is employed as the illumination
source.

During each pulse, the vibration and strain

rate effects are neglected.

This is the main advantage

of using the high power pulsed laser rather than a
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FIim Plate

/
/4
_1/,✓-::::./_

4-~

-;:.---

_;,--,--

Lens

Figure lOa.

Experimental Arrangement for Recording the
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continuous one.

In the case of a continuous laser beam,

the power is low, and, since a high resolution film
plate is needed, a few seconds are required to record
the specklegram.

During this period of time, vibration

will occur, high strain rate effects may be developed,
and therefore, the specklegram will lose its
correlation.
High power mirrors and lenses are implemented to
direct the laser beam onto the pin.

A neutral density

filter (ndf) is used to control the output intensity.
Also, the intensity (irradiance) on the pin can be

controlled by moving the negative lens closer to or
farther from the pin.
Since the specimen surface area is small (about 12
mm x 6 mm), the camera (Calumet, 4x5 View Camera) was
modified to accommodate more than one specklegram,
allowing the recording of four different doubly exposed
speckle patterns on a single filmplate.

This is done by

rotating the film holder ninety degrees between each
pair of exposures in order to expose only one quadrant
of the film at a time.
The camera lens employed had an F-number, F = 5.6,
and by using a magnification M = 1, the speckle size~,
from equation (4), is approximately 9.5 µm.
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Analysis of the Specklegram
In wear, a highly localized strain field arises
near the contacting surface.

High strains occur in both

horizontal and vertical directions on the pin surface
facing the camera.

Thus, to analyze the specklegram as

discussed earlier, the "raw" laser beam used is about 1
mm in diameter.

This, of course, could cover a very

large area, inside of which there are different rates of
deformation, with the result being either overly
averaged or lacking correlation.

So, for more sensitive

analysis, and to follow the deformation gradient
precisely, it is necessary to reduce the "raw" laser
beam diameter to a few microns.

This can be done

optically, Figure 11, as shown by the calculations in
the following section.

An alternative to the above

procedure is to magnify the recorded laser specklegram
on a new film plate using a camera as shown in Figure
12.

Modifying a Gaussian (Laser} Beam
There are many design situations in which the "raw"
beam, as it emerges from the laser, cannot be used.

The

beam must be modified in some way: expanded, focused or
recollimated.

This modification can be performed by

lenses, mirrors, prisms, or even slabs of glass.

For
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the present work, a lens is used, but the focal length
or surface power of any optical element can be
substituted into the equations in the appropriate
places.

Characteristics of a Gaussian Beam
The term Gaussian describes the variation in
irradiance along a line perpendicular to the direction
of propagation, and through the center of the beam,
Figure 13.

The irradiance is symmetric about the beam

axis, and varies radially outwards from this axis with
the form [80-81]:

(11)

In reality, a Gaussian beam either diverges from a
region where the beam is smallest, called the beam
waist, or converges to one as shown in Figure 14.

The

amount of divergence or convergence is measured by the
full angle beam divergence, 0.
Under the laws of geometrical optics, a Gaussian
beam converging at an angle of

point.

O should collapse to a

Because of diffraction, this does not occur.

However, at the intersection of the asymptotes that
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Plot of Irradiance Versus Radial Distance
from the Gaussian Beam Axis.

47

Z=o

V2

dw
---1-- -

Figure 14.

-

-- -

-+---

Variation of Gaussian Beam Diameter in the
Vicinity of the Beam Waist.

48

define

~

the beam does reach a minimum value dw' the

beam waist diameter.

It can be shown [80] that dw

depends on the beam divergence angle as:
4 }.

(12)

.,, (J

The Rayleigh range, defined as the distance from the
beam waist where the diameter has increased to V2(dw)'
can be expressed in a number of ways:
Zr =

dw
(J

4 }.

=

.,, 92

=

.,, d 2
w

(13)

4 }.

Thin Lens Equation
Starting with the thin lens equation in Newtonian
form for a Gaussian beam, and following certain
manipulation [80], one obtains the new beam waist dw' in
terms of the old beam waist dw·•

d

w' =adw

(14)

The parameter a is given by:

a

=

and is a function of axial quantities related to the

(15)
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input beam (Zr)' the lens (f), and the beam-lens
position (Z 2 - f), Figure 15. Once a is evaluated for
the arrangement at hand, the output parameters are
determined as:

O' =

Zr

I

0

(16)

a

= a 2z r

(17)

and the position of the new beam waist z

1

1

can be

expressed as:

(18)

Focusing
Since a is directly proportional to f, a small spot
requires a short focal length lens.

Since the beam is

collimated, z 2 and Zr are large compared to f, (a= f/
2
Jz 2 + zr 2 ). To demonstrate the effect of z 2 , the lens
position from the waist, on the new beam waist diameter
dw'' consider the following example.

For a helium-neon

laser beam, with a divergence of O = .8 mrad, and
focused with a 100 mm focal length lens, the Rayleigh
range, Zr= 1.25m, and the new beam waist diameter dw'

I

Z1

f

Figure 15.

f

Modification of a Gaussian Beam by a Thin
Lens.

(J'I

0
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will be;
a) dw I

=

80

µm,

b) dw I

=

60

µm,

=

8

if z2 << z
r
if z2 = Zr

and for z 2 = 12.Sm.
Note that the distance between the beam waist and the
c) dw I

µm,

if z2 >> Zr,

lens is extremely large in the last case.

Refocusing
This is a case of magnification or demagnification
Since d w' = a dw, a is the
magnification constant for the waist. Once the value of
of the beam waist.

a has been determined, there are still two degrees of
freedom in the system:

the focal length of the lens

(f), and the location of the lens with respect to the
beam waist (Z 2 ).

Solving equation (15) for z2 :
(19)

where f 2
0

= zr zr '·

Thus, f may be chosen to be any

practical focal length, subject to the limitation f >

Combination of Lenses
It is possible, using the above equations, to
calculate beam waist

positions for a combination of
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lenses.

The equations are applied once, and when an

intermediate waist is found, then the equations are
applied again.

For example, the advantage of using two

lenses over one lens is that a similar result can be
achieved with shorter focal length lenses placed closer
to the laser.

In addition, the ability to move one lens

relative to the other allows one to adjust the output
beam parameters easily.

CHAPTER IV
PRELIMINARY TESTS AND CALIBRATION

In this chapter, calibration procedures and
preliminary tests are described.

The discussion

includes calibration of the mechanism used to apply a
normal load between the pin and disc on the tribotester.
This load application mechanism is driven at a given
rotational speed in order to produce a known normal
force, and the calibration details are described.
In addition, two methods for minimizing
experimental error associated with "averaging"
displacement data "at a point" are described.

One of

these methods involves focusing the incident laser beam
used for point-by point analysis of the specklegram.
Rather than reducing the size of the incident beam, the
second method magnifies the speckleg~am by photographic
techniques.
This chapter also discusses procedures for
preparing, mounting and running-in pin and disc
specimens on the tribotester. Lastly, an in-site
procedure to compare laser speckle data with theoretical
results for simple elastic compression is described.
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Load Calibration
The normal load application mechanism is set by
adjusting the governor speed.

The local-speed

calibration was affected by measuring the force applied
to the pin via a piezoelectric transducer (PCB model
AO4208, SN 6054).

The output voltage from the

transducer is converted to force by using the relation:
F =

V

(20)

C

F = force

Where

V = voltage

c = calibration constant
The value of c, which is equal to 5.12 volt/Nin
this case, is provided by the manufacturer and also was
verified by a dead weight calibration experiment.

The

speed of the governor was calibrated against different
knob settings and measured by Strobotac type 1531-AB.
Figures 16 and 17 show the relationship between applied
normal load and governor speed, and between load and
knob setting, respectively.

It should be noted that

these curves are valid only for configuration angle 8 =
Jo• (see Chapter II) which was used exclusively for all

tests.

For different configurations, the governor
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mechanism should be recalibrated.

Minimizing Averaging of Displacement Data
Wear is accompanied by highly localized plastic
deformation near the sliding surfaces.

This plastic

deformation occurs over a very small area near the
pin/disc interface.

In applying point-wise filtering

analysis to specklegrams which contain this displacement
information, the incident "raw" laser beam, which is
approximately 1 nun in diameter, reflects the average
deformation over an area of the same diameter.

Thus, to

increase measurement sensitivity, the area under
consideration should be reduced to the minimum limit.
This constraint can be illustrated by the relation

Where:

+ 2d s )

II

I
(21)

d w'

~

dw'

= the diameter of the probing laser beam

a

= distance between two identical speckles

(a

on the specklegram
ds

= recorded speckle size.

In the following sections, two methods for improving
this sensitivity are offered in greater detail.
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Beam Focus Experiment
The purpose of this experiment is to reduce the
incident "raw" laser beam diameter by using lenses.
This can be accomplished by calculating the location of
the lens with respect to the laser source z2 , and the
film plate z1 1 (see Chapter III). The procedure for
this analysis is as follows:
1)

calculate the Rayleigh range before and after
demagnification, Zr and Zr'' from equation (13)

2)

calculate f 0 from the equation
f

3)

0

= Y zr zr '

(22)

calculate a from equation (14)

I'

,I

4)

calculate z 2 from equation (19)
calculate z 1 1 from equation (18).

5)

With a given laser beam diameter of 1 mm, a focal length
f

=

150 mm, and a desired beam waist of 100 µm, the

following results are obtained:
a

=

.100 m

Zr

=

1.25 m

=

12.5 mm

fo

=

125 mm

z2

=

979.2 mm

zl =

158.3 mm

Zr

I

I

This means that the lens should be placed a distance z 2

11

l!

I

I
I
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of 979.2 mm from the laser, and the film plate should be
placed a distance z1 ' of 158.3 mm from the lens to
obtain a beam waist dw' = 100 µmat the film plate
(Figure 11).

With this, the area under consideration

will have a diameter d equal to the diameter of the beam
waist dw'' divided by the magnification number M of the
speckle recorded on the film plate.
d ,
d=-~wM

(23)

Film Plate Magnification

I'

Instead of reducing the incidental laser beam area,
another approach is to enlarge the initial object
photograph on a new film plate (Figure 12).

In this

case, the total magnification is the initial
magnification multiplied by the magnification of the new
film plate.

The magnified film plate is then filtered

using point-by-point analysis.

The diameter of the area

under consideration d, is equal to
(24)

Where

d

= laser beam diameter
1
Mt= total magnification.

,,
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Comparative Results and Discussion
The two methods for minimizing the averaging of
experimental data were compared using a double exposed
film plate which was obtained from a rigid body
displacement experiment with the following data:
Rigid body displacement (U)

=

Initial magnification (M)

= 1.663

Speckle size of the object(~)=

25. 4 µm

6.92 µm

Table 1 summarizes the results obtained from this
comparison. From these results, it should be noted that
with each method of minimizing the area of interest,

accurate results are obtained (the error in measuring
the displacement in both cases is about 1%).

The main

advantages of the beam focusing experiment over the film
plate magnification experiment can be summarized by the
following:
1)

In the present work, due to the magnification,
he object may not be completely recorded on
the film plate.

2)

When changing the area under consideration,
either because the deformation is unknown or
because it varies from point to point, the
magnification experiment must be repeated to
obtain a new specklegram. On the other hand,
it is very simple to change the spot size by
adjusting the lens position.

3)

If an error occurs during the enlargement
procedure (out of focus, developing time, etc.)
and the film plate is unusable, the initial
experiment must be repeated. As for the beam
focusing procedure, any problems can be
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TABLE 1
COMPARATIVE RESULTS OF BEAM FOCUS
EXPERIMENT AND MAGNIFICATION EXPERIMENT

Results

Beam Focus
Experiment

Magnification
Experiment

Measured
Displacement

25.21 µ.m

25.22 µm

Area under
Investigation

60 µm

60 µm

Laser Beam
Diameter on
Film Plate
Total Magnification

100 µm
1.663

1 mm
16.6

62

corrected as they occur.
According to the above analysis, the beam focusing
procedure is employed throughout the experiment to
obtain experimental data.

Specimen Preparation and Specifications
The pin specimens used in the experiments are cut
from sheets of metal of the desired thickness.

An

Isomet Diamond saw with an attached micrometer is used
to cut the specimen to the specified dimensions.

The

resulting pin specimen is then mounted into the pin
holder and 600 grit sandpaper is mounted on a designated
run-in disk.

The run-in disk is slowly brought into

contact with the specimen by turning the dial knob on
the governor control box.

The main motor drive

controller is then set at the minimum speed and the
set-up is run for one minute.

This gives the specimen a

smooth finish on the bottom, and good planar contact
between pin and disc, and it is now ready to be used in
an experiment.

To ensure that there is no permanent

deformation introduced by the preparation procedure, the
specimen is examined micrographically under an optical
microscope.

Figure 18

shows a typical specimen under

the optical microscope after preparation, and there are
no signs that the preparation procedure introduced any

\
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Figure 18.

Micrographic Observation of a Specimen Prior
to a Wear Test.
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artifacts.

Prior to micrographical analysis, all wear
specimens are prepared using conventional metallurgical
techniques.

The grinding process uses a succession of

320 grit through 600 grit sandpapers.

A six micron

diamond paste, lapping oil, nylon cloth, and a polishing
wheel are used for the rough polishing process.

The

final polishing process uses a flock twill cloth on a
polishing wheel which has been lubricated with a 0.05
micron Gamma Aluminum solution.

Between each step, the

specimen is ultrasonically cleaned in a detergent
solution to remove any artifacts from the previous
preparation procedure.

Etchants chosen for the specific

material are selected from the 1985 Leco Metallography
Principles and Procedures catalog [88] and are used to
reveal the general microstructure.

Elastic Compression Test
One of the preliminary tests which is performed on
the tribotester to calibrate the experimental technique
is the elastic compression test.

In this, a normal,

compressive load is applied on the pin specimen by the
governor mechanism through the disc (Figure 19).

The

load was calculated to produce stresses in the elastic
range of the specimen.

A double exposed specklegram of
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the specimen is taken.

The first exposure is recorded

at zero load, then, a load of 426N is applied and the
second exposure is obtained.

After developing the film

plate, the deformation is obtained by filtering the
specklegram using point by point analysis (see Chapter
III).

The pin specimen used in this experiment was made
from aluminum 6061-T65 with dimensions; length - 13.5
mm, width - 6.25 mm, and thickness 1.5 mm.

Figure 20

represents the amount of deformation, obtained by laser
speckle photography, along the axis of the pin specimen,
compared with the theoretical deformation Ut' which can
be calculated from the relation:

F L

ut

Where:

=

(25)

E A

F

= Force applied on the specimen (426 N)

L

= length of the specimen

E

= Modulus of elasticity (69 GPa)

A

= Cross-sectional area of the specimen.

Also, the modulus of elasticity of the specimen can be
calculated from the experimental results:
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=

E

F L
(26)

U A

Where:

U

=

deformation obtained from the laser speckle
measurements.

The results of this experiment show excellent
correlation with theoretical values.

Table 2 lists the

theoretical and experimental values of the deformation
at the free end of the specimen and the modulus of
elasticity.

Note that the average modulus of elasticity

is equal to 67.3 GPa, which is within 2.5% of the value
of 69 GPa published in reference [82].
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TABLE 2

FREE END DEFORMATION
AND MODULUS OF ELASTICITY

Variables

Deformation
Modulus of
Elasticity

Analytical
Results
8.9 µm
69 GPa

Laser
Measurement
8.7 µm

70.5 GPa

CHAPTER V
WEAR TEST ANALYSIS AND RESULTS

In this chapter, laser speckle photography is
employed to investigate wear phenomena.

First, the

plastic zone which contains the permanent deformation
present after performing wear tests is experimentally
determined.

These measurements are then proven by the

micrographic observation.

This is followed by measuring

the development and growth of the deformation of
selected points at different time intervals, starting
from zero time until a quasi-steady state is reached.
The recording of the deformation is done while
performing the wear tests, which reflects the real-time
nature of the results.

Also, strain components are

calculated at selected points to give further
understanding of the material behavior during wear.

Permanent Deformation Measurement
The permanent deformation is obtained by recording
the specklegram as follows:
a)

The initial laser pulse (the first exposure of
the specklegram) is made before contact (no
normal or sliding forces applied).
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b)

After performing the wear test, the specimen is
unloaded and allowed to cool to room
temperature (thereby removing thermal
displacements), at which time the second
exposure is made.

In this manner, any permanent deformation that occurs at
any point during the sampled interval of the wear
experiment is recorded.

Analysis and Results
Once the permanent deformation is recorded, it is
necessary to analyze the results using a modified
Gaussian beam (Chapter III).

Point by point analysis is

performed using an incident laser beam of a 10 mW HeNe
laser which has been reduced to a diameter of 80 µm from
an original diameter of .68 mm (see Chapter IV, beam
focus experiment).

The specklegram is mounted on

translation stages to provide for motion in the X-Y-Z
directions, thereby allowing focusing and analysis over
the entire region of interest.

The specklegram is

scanned to locate the elastic/plastic interface.

Using

point by point analysis, as explained in Chapter III,
the amount of deformation is determined. Also, the
amount of wear of the specimen is measured by comparing
the specimen length before and after the wear test.
This is done mechanically by using a micrometer,
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optically by observing the change in the intensity of
the diffraction halo, and metallographically by
comparing the photographs obtained by using the optical
microscope.
When the specklegram is scanned by the modified
laser beam, there is no sign of presence of fringes.
This is explained by:
a)

In the elastic region, the specklegram is
obtained by photographing the specimen prior
to performing the test, and again after
stopping the machine and releasing the load,
so any point in the elastic zone will return
to its original position. Hence, no
deformation is recorded, and this explains why
there are no fringes present in this region.

b)

In the plastic region, deformations are large,
and hence the surface condition of this region
is altered and de-correlation of the two
speckle patterns will result. This loss of
correlation explains why there is no
observation of fringe patterns.

To further demonstrate these results, a rigid body
motion was applied between the two exposures.

This is

done by moving the film plate a known displacement after
taking the first exposure and before recording the
second exposure.

The analysis of such specklegrams

shows that in the elastic region, the fringe spacing and
orientation is the same throughout the region, and the
displacement vector obtained from the fringes is equal
to the rigid body displacement which has been performed
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on the film plate, Figure 21a.

The border of the

plastic region (elastic/plastic interface) is obtained
when such specklegrams are scanned, and the fringes

start to disappear, Figure 21.

This disappearance of

fringes is caused by decorrelation due to the change in
the surface condition of the specimen during the test.
Figure 22 shows a comparison of wear and the
development of the zone 2/zone 3, Plastic/Elastic,
interface for four pin materials: 6061 T65 aluminum
alloy, 260 brass, and Cl018 and Cl020 steels.

Each

pin material was run against a Cl018 hot rolled steel
counterface disc for a period of 420 seconds at a
relative sliding speed of 0.04 m/s under a normal load
of 80 N (nominal contact stress of 13.33 MPa).
The location of the zone 2/zone 3 interface was
determined for each specimen by scanning each
specklegram vertically at five different positions: the
leading and trailing edges, and at each quarter of the
pin width.

From Figure 22, the shape of the interface

between zone 2 and zone 3 is seen to differ from one
material to another.

The differences between these

interfaces may be attributed to the type of materials
used (modulus of elasticity, hardness, heat

conductivity, etc.), and would likely change with
different experimental conditions (normal load, sliding
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(a)

(b)

(c)

Figure 21.

Patterns Obtained by Point-Wise Filtering of
a Double-Exposed Specklegram. a) Elastic
Region, b) Elastic/Plastic Interface, and
d) Plastic Region.
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speed, etc.).
Correlation of Laser Speckle and
Metallographic Results
Optical micrographic measurement of permanent
plastic deformation was obtained by taking a series of
photographs of a pre-etched specimen prior to any wear.
The etching procedure (the metallographic preparation)
is the same as detailed in Chapter IV.

These

photographs, obtained by using a metallograph (Unitron,
model 8440), were taken at the leading, middle, and
trailing edge of the specimen.

At these positions, an

initial series of photographs extending several hundred
microns up the length of the pin was taken.

The

specimen was then run in the tribotester, during which
time permanent deformation occurs.

Upon completion of

the experiment, the specimen was removed from the
tribotester and rephotographed in the same positions as
described above, without any further surface
preparation.
By visually comparing the photos before and after
the wear test, it is possible to identify grain
distortion and slip within grains, as shown in Figure
23, and to determine the approximate location (along a
given vertical line of the specimen) where such evidence
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Figure 23.

Optical Micrographs Along the Specimen
Center Line Before and After the Wear Test.
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of plastic deformation ceases to exist.

At such

locations, a data point on the elastic/plastic interface
is determined.

Note that the presence of the slip lines

in the after wear photographs is an indication of the
plastic deformation due to the wear process [83-85].
Figure 23 depicts the extent of the plastic
deformation along the vertical center line of a c1020
steel pin specimen.

For the observation in this figure,

the metallographic technique yielded a total depth of
the plastic zone of 540 µm, while the laser speckle
technique yielded 533 µm.

Similar photographs were

obtained for brass specimens with the presence of slip
lines.

Also, the Scanning Electron Microscope (JEOL,

model T300) was employed to determine the onset of slip,
Figure 24.
From the above results, it has been found that
laser speckle measurements of permanent plastic
deformation correlate very well with metallographic
observation.

Tracking Deformation Development by Laser Speckle
To follow up the growth and development of the
deformation of each point, during the wear test, a
series of double-exposure specklegrams is recorded as

follows:
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Figure 24.

Slip Lines as Observed by Scanning Electron
Microscopy for 260 Brass.
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1)

The first specklegram is recorded by pulsing
the ruby laser at zero load for the first
exposure, then pulsing the laser again after
applying a load to give the second exposure.

2)

The second specklegram is made with the first
exposure just after application of the load
(the same as the second exposure for step 1),
with the second exposure recorded after
rotating the disc for a specified time while
maintaining all sliding conditions invariant
(load and rotational speed).

3)

The third specklegram is recorded after a
specified interval by recording the first
exposure at a load and speed which are
consistent with the last exposure of step 2,
then, after a specific interval, recording the
second exposure following additional sliding
under invariant load and speed.

4)

Step 3 is repeated with a series of double
exposed specklegrams recorded at appropriate
time intervals, until a quasi steady state is
achieved.

From the above description, it is obvious that
there is a time interval between the recording of each
specklegram.

To account for the information missing due

to these "gaps," the experiment is repeated as described
above, except that specklegrams are now recorded during
the corresponding "gaps" of the first experiment.

For

example, during the first experiment, if specklegrams
were recorded at intervals of elapsed time of 20-40
seconds and 60-80 seconds, and so on, it would be
necessary to record specklegrams in the intervals 0-20
seconds and 40-60 seconds, and so on (i.e., "fill in the

8 1

gaps").

Analysis and Results
Figure 25 shows the grid of points selected for
deformation analysis. As described in Chapter III, by
fringe analysis of laser specklegrams, local deformation
vectors are determined for any points of interest.
Thus, for each grid point shown in Figure 25,
displacement components, Ux and Uy' of selected points
on the transverse surface of the pin specimen have been
determined.

Since the speckle patterns become

decorrelated when displacements become too large, it is
necessary to sample data {make specklegrams) over
relatively short periods of time.

Then in each time

interval, one can find incremental displacement
information, and these vectors can be added to obtain
overall displacements over arbitrarily long time
intervals.

For example, if there is a point initially

at position X-Y on the pin, then from the first
specklegram, the displacement vector
calculated.

u1 at this point is

Thus, horizontal and vertical components

are determined from the relations:

= u cos 8

{27)

Uy = U sin 8

{28)

ux

where 8 is the angle between the deformation vector U
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Analysis.
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and the X-axis.

Then, from the second specklegram, for

the point position at X + ulx' Y + uly' the new
displacement vector u 2 is calculated, and the new point
X + u 1 x + u 2 x, Y + u 1Y + u 2 Y. By
continuing to add the displacements, the new position

position is

and additional

deformation of each selected point, at

any time, is determined.
Data were obtained for Cl018 steel pin specimens
sliding against Cl018 counterfaces at a relative sliding
speed of 0.02 m/s with normal load of 80 Nanda nominal
contact stress of 13.33 MPa for a test duration of 240
seconds.

Since specklegrams were made at twenty second

intervals, these data are obtained by vector addition of
twelve components, and by accounting for initial rigid
body rotation of the pin when frictional and normal
forces are first applied.
It should be noted that each data point represents
displacement information averaged over a circular area
of diameter of 60 µm.

The selection of the 60 µmis

based upon Equations (21-23) and from the preliminary
experiments.

For more details about the calculation see

the procedure mentioned in Chapter IV (beam focus
experiment).

The direction of the frictional tractive

force on the pin (direction of relative sliding) is from
left to right in Figure 25.

Approximately 64 µm was
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removed from the specimen length due to wear during the
240 s test period.

Figures 26 and 27 are plots of horizontal and
vertical displacement components obtained along selected
horizontal lines on the grid shown in Figure 25.

The

data themselves are shown in Tables 3, 4, and 5.

Also,

Figure 28 is a plot of horizontal and vertical
displacement components obtained along the vertical
centerline of the grid shown in Figure 25. It should be
noted that all of these data are obtained while the
specimen is loaded and while sliding is occurring (i.e.,
both normal and frictional forces are applied).

Hence,

the purely elastic deformation of the pin away from the

wear interface can be noted in the deformation data of
Figure 28.
The vector representations of the development and
growth of the deformation at three selected locations
(100 microns from the leading edge, on the vertical
centerline, and 100 microns from the trailing edge) are
shown in Figures 29, 30, and 31.

From these figures, it

is possible to follow the trajectories of the selected
points with initial locations as shown on the grid of
Figure 25.
It should be noted that in all the previous
figures, the deformation of the selected points
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TABLE 3
HORIZONTAL DISPLACEMENT
COMPONENTS ALONG SELECTED VERTICAL LINES

X COMPONENTS - U

y

( µm )

(µm)

0

X

NON-DIMENSIONAL SPECIMEN WIDTH,
.25
.75
.5

X/W
1

50

123.21

146.11

148.·21

133.81

103.12

75

73.42

81.22

78.64

72.67

70.33

100

49.61

52.76

56.23

57.98

57.12

150

38.32

39.41

40.82

42.83

43.92

200

34.72

36.88

38.21

38.89

38.73

300

30.81

32.45

33.41

33.38

32.71

400

28.33

28.94

29.12

29.11

28.32

500

26.15

26.41

26.43

26.41

26.81

600

26.06

26.09

26.23

26.12

26.63

700

26.01

25.81

26.15

26.01

26.56

800

25.99

25.62

26.11

25.94

26.45

1000

25.97

25.51

26.04

25.83

26.32
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TABLE 4
VERTICAL DISPLACEMENT
COMPONENTS ALONG SELECTED VERTICAL LINES

Y COMPONENTS - Uy

y
(µm)

(µ m )

0

NON-DIMENSIONAL SPECIMEN WIDTH
.25
.5
.75

X/W
1

50

19.64

20.62

21. 73

22.98

22.53

75

7.13

9.63

14.62

17.91

18.64

100

.94

6.12

10.13

13.77

16.32

150

-.75

3.74

7.32

10.42

12.81

200

-.92

3.23

6.62

9.63

11.21

300

-1.11

2.89

5.91

7.89

9.42

400

-1.73

2.77

4.92

6.74

7.83

500

-1.95

2.63

4.35

6.57

7.74

600

-1.97

2.61

4.33

6.54

7.72

700

-1.98

2.59

4.32

6.51

7.71

800

-1.99

2.58

4.31

6.49

7.71

1000

-2.01

2.57

4.29

6.46

7.69
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TABLE 5
DISPLACEMENT COMPONENTS
ALONG SELECTED HORIZONTAL LINES

y = 50 (µm)

X/W

u

cµ I >

u
(µ

i )

Y= 75 (µm)

u

cµ I >

u
(µYm )

0

123.21

19.64

73.42

7.13

1/8

137.97

19.21

78.23

8.07

1/4

146.11

20.62

81.22

9.63

3/8

149.11

21.89

81.98

13.21

1/2

148.21

21. 73

78.64

14.62

5/8

144.34

23.05

76.53

17.24

3/4

133.81

22.98

72.67

17.91

7/8

123.24

23.22

72.43

19.76

1

103.12

22.53

70.33

18.64
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A Graphical Depiction of the Cumulative
Displacement Vectors of Selected Points
Located 100 µm from the Specimen Vertical
Leading Edge.
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represents the total amount of deformation measured from
the initial position.

Also, each point is named after

or referred to its initial position.

For example,

consider a point on the surface of the pin specimen
initially located 50 µm above the original wear surface
and on the vertical centerline. This point experiences a
displacement of 148.2 µm horizontally and 21.7 µm
vertically after a period of 240 seconds of wear
testing.

And since this pin specimen was reduced in

length by 64 ~m during this period, its final vertical
location is either 71.7 µm above the original surface or
7.7 µm above the current wear interface as shown in
Figure 32.
From the above figures, it should be noticed that
horizontal and vertical components (Ux and Uy) exhibit
the following behavior:
a)

Along a vertical line (X = constant), both
components increase rapidly as the worn
surface is approached.

b)

Along a horizontal line (Y = constant), the
horizontal component U has its maximum value
close to the vertical ~enterline and near the
wear surface. Far from the wear surface, the
values of U start to decrease rapidly toward a
constant va!ue. As for the vertical components
u, the maximum is observed at the wear surface
wrth an essentially constant value along the
x-axis. A few microns above the wear surface,
this component decreases rapidly (more so at
the leading edge than at the trailing edge).
Further from the wear surface, the purely
elastic deformation is observed.

Ux = 148.2µm

(X,Y)t = 240s

7.7µm

Uy =

21.7µm

Wear Surface
at t = 240s
(X,Y)t = O

71 .7Iµm

YL

Wear = 64µm

...L----- - - - - - - - - - - - - - - - - - - - - - - - Wear Surface

X

at t = O

Figure 32.

Graphical Representation of the Displacement
of a Point During Wear.
(0
(JI
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Figure 33 illustrates a representative element
selected from the grid of Figure 25.

The center of this

element initially was located 75 µm from the original
wear surface, and on the vertical centerline of the

specimen.

Following 240 seconds of wear testing, the

element has been displaced and distorted as shown.

If

this sample element originally had a thickness of 50 µm
(into the paper), then the reduction in area associated
with the reconfiguration shown in Figure 33 would

require a final thickness of 62 µm (for constant
volume). The next element along the vertical centerline,
with

center initially located 125 µm from the original

wear surface, would require a final thickness of 53 µm.

Strain Field Analysis
When the displacement-gradient compents are not
small compared to unity, which is the case in slidng
wear, the small-strain case is not applicable.

Several

definitions of finite-strain have been proposed, which
fall into two classes: definition in terms of the
undeformed configuration {Lagrangian formulation), and
definitions in terms of the deformed configuration
{Eulerian formulation).

When coordinates are

introduced, the first class uses material coordinates in
the undeformed configuration, while the second class

25µm

25µm

-"""'

-25µm

t=240s

-------- -- - --_--±
-:
----I- --

--:

25µm

--

__

-- --

-

------------.---~~--~-►--~~-~~-~~1------------------

_._l----1-----1-------------------

--

t=O

Figure 33.

Displacement and Distortion of a
Representative Element.

(0
....,
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uses spatial coodinates in the deformed configuration
[86, 87].

Finite strains in Lagrangian formulation are given
by:
1
€ ..

l.J

=

[

bu.
__
l.
bx.

2

bU.
+

::......J.

bX.

+

l.

J

bUk bUk
]

(29)

]

(30)

bxi bx.J

and for the Eulerian formulation:
1
€ ..

l.J

=

[

2

bU.
__
l.
bx.
J

+

bU;

bUk bUk

bx.
l.

bx. l)x.
l.

J

It should be noted that the finite-strain
components involve only linear and quadratic terms in
the components of the displacement gradient.

This is

the complete finite-strain tensor and not merely a
second-order approximation to it.

Also, when the

squares and products of the derivatives can be neglected
in comparison with the linear terms, these components
reduce to the form of the small-strain components, and
the distinction between the two small-strain definitions
is usually ignored.
The Lagrangian or material coordinates are
commonly used in solid mechanics, especially if a body
undergoes geometric changes, and the deformed shape is
to be followed through such distortions.

On the other

hand, in fluid mechanics, measuring the velocity of
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fluid particles as they pass though a fixed point in
space is of great interest.

For this purpose, the

spatial-description, or Eulerian coordinate system is
appropriate.
Thus, the Lagrangian formulation is used in
calculating the strain associated with the wear process.
And, at some distance from the wear interface, the
displacement gradients in the Z-direction become small
compared to the other terms.

Thus, in zone 2, the

strain problem can be approximated as a two dimensional
or plane problem.

Furthermore, if conventional notation

is employed, strain components €xx and €yy may be
expressed as:
1

€xx=

ax

( ___x )2 + (

[

(

ax

2

1

ay

au

[

2

aux

ax

)2

auy
ay

)2 ]

(31)

+ ( _y )2 ]

(32)

au
ay

Determination of Strain Component from
Measured Displacement
Once the displacement components of the transverse
surface of the pin specimen are determined, using the
mesh shown in Figure 34, the displacement gradients at

100

(m, n +1)

1~-------+-----

----4-.,..____.______.-.__
cm= 1,n)

(m,n)

(m: 1, n)

P--------L
(m,n-1)

Figure 34.

Mesh Used for Strain Calculation.
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any location (m,n) can be numerically approximated by:

bUX

(

bY

>m , n

-

< ux >m+l.n

-

(

< ux >m-1.n

X

ux >m.n+l

( ux >m.n-1
y

(33)
ouy
(

bX

>m,n

-

(

-

( UY >m.n+l

u y >m+l,n

-

( Uy

>m-1.n

X

( UY >m.n-1
y

Figure 35 shows the grid of points selected for
strain analysis.

The displacement components of these

data points are summarized in Table 6.

Figures 36 and

37 are plots of horizontal and vertical strain
components, €xx and cyy' obtained along the vertical
centerline of the grid shown in Figure 35.

Table 7

shows the calculated values of these strains.

Note also

the sample calculation which illustrates computation of
strains associated with the central node of the
representative element of Figure 33 (Appendix A).
since the strain in the Y-direction changes so

And
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TABLE 6
DISPLACEMENT COMPONENTS
USED FOR STRAIN CALCULATIONS

y
(µm)

X

= . SW
u

Cµi>

-

(25 µm)

u
(µi)

X

= . SW +
u

(µi)

(25 µm)

u
(µi)

148.33

21.71

148.01

21.75

62.5

98.35

17.37

98.01

17.51

75

78.67

14.56

78.54

14.69

100

56.18

10.06

56.27

10.19

125

45.76

7.92

45.84

8.04

150

40.79

7.27

40.85

7.38

175

39.41

6.82

39.46

6.93

200

38.19

6.58

38.23

6.69

50
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TABLE 6 -- CONTINUED

y
(µm)

X

=
u

.SW -

(100 µm)

u

X

= .SW +
u

(100 µm)

u

Cµi>

(µth)

5.75

33.45

6.09

29.11

4.81

29.14

5.07

500

26.43

4.23

26.44

4.48

600

26.23

4.21

26.24

4.44

700

26.14

4.21

26.15

4.44

800

26.11

4.19

26.12

4.42

Cµi>

(µi)

300

33.38

400
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TABLE 6 -- CONTINUED

y
(µm)

50

X=.5W

u

cµiih

u
(t,A~)

148.21

21.73

62.5

98.21

17.43

75

78.64

14.62

100

56.23

10.13

125

45.78

7.97

150

40.82

7.32

175

39.42

6.87

200

38.21

6.62

225

37.21

6.35

300

33.41

5.91

400

29.12

4.92

500

26.43

4.35

600

26.23

4.34

700

26.15

4.32

800

26.11

4.31

1000

26.04

4.29
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TABLE 7
STRAIN ALONG THE
SPECIMEN VERTICAL CENTERLINE

y

€xx

EVY

62.5

- 0.00687

3.629

75

- 0.00259

1.486

100

0.001805

0.0917

125

0.0016

-0.00713

150

0.0012

-0.0137

175

0.001

-0.0125

200

0.0008

-0.00937

300

0.00035

-0.00743

400

0.00015

-0.00716

500

0.00005

-0.00284

600

0.00005

-0.00014

700

0.00005

-0.0001

800

0.00005

-0.0001
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dramatically with distance from the specimen wear
surface,

Figure 38 shows the data on a different scale

starting from the 100 µm location.

From the above results, the strain in the
Y-direction is much greater then the strain in
X-direction. Both components have their highest values
near the wear surface, and both decrease rapidly and
change sign as zone 3 is approached.
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CHAPTER VI
SUMMARY AND CONCLUSION

The use of laser speckle photography to measure the
deformations associated with sliding wear is presented.
The importance of these measurements arises in improving
the understanding of the materials behavior and changes
during wear process.

As a noncontact technique, laser

speckle photography offers considerable promise in
allowing fundamental measurements on elastic and plastic
deformations occurring on exposed surfaces of
triboelements, in situ.
To make use of this technique, a multipurpose wear
testing apparatus has been designed and built.

Features

of this design permit testing at different normal loads
and relative sliding speeds, and investigation of the
effect of individual parameters on the wear process.
Moreover, the study discusses the materials, the
experimental techniques employed and presents results
obtained with several metallic specimens.
From the experimental data, the following can be

summarized:
a) The extent of the plastic deformation for
four different materials, steel ClOlB, Steel
c1020, Brass 260, Aluminum 6061 T65, is
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determined and shown to be in agreement with
the micrographic observation.
b) Along any vertical line {X = constant), the
deformation components U and U increase
rapidly towards the wornxsurfaci.
c) Along a horizontal line {Y = constant), the
horizontal component U has its maximum value
at the wear surface an~ close to the middle.
Far from the wear surface, the values of u
start to decrease rapidly toward a constan~
value. As for the vertical components U, the
maximum values are at the wear surface with
approximately a constant value maintained along
the sliding direction. About 50 microns above
the surface, u starts to decrease more rapidly
at the leadingYedge than at the trailing edge.
Far away from the surface {about 500 microns)
only elastic deformations are observed.
d) The strain field is calculated by applying
the nonlinear Lagrangian expression. It is
observed that the strain in the vertical
direction is larger than the strain in the
horizontal direction.
The deformation and strain field data obtained from
the laser measurements can be useful in at least three
important ways:
1) To allow the development of mechanistic models
of wear which are based upon actual observations
of time-dependent local material deformation
histories, both elastic and plastic.
2) To allow fundamental studies on the growth and
development of subsurface zones arising in
tribocontact.
3) To allow laboratory screening of the wear
behavior of materials by means of simple,
non-invasive surface measurements, while
simultaneously avoiding the need for time
consuming and tedious procedures associated with
sectioning, polishing and etching specimens
following tribotesting.

1 13

For future investigations, one may use the whole
field filtering technique to analyze the specklegrams to
obtain the deformation field over the entire surface of
the pin specimen.

Also, holographic interferometry can

be utilized for determining the out of plane
deformation.

Hence, a 3-D problem can be treated.

Moreover, the effect of oscillatory motion on the wear
process can be investigated by this technique.
Furthermore, many other parameters, such as dynamic
stiffness, normal load, relative sliding speed, specimen
geometry, and other material pairs can be examined.
This will lead to an improved understanding of the wear
process, and to the development of engineering models
for wear.

APPENDIX A
SAMPLE CALCULATION OF
THE STRAIN AT A POINT

115

Sample Calculation of the Strain at a Point
A point on the centerline of the pin at a distance
of 75 µm from its initial wear surface was selected for
this sample calculation of the strain components Exx and
Eyy.

The coordinates of this point in the undeformed

configuration are

X

= 3 mm and

Y

= 75 µm.

Displacement components of the four adjacent points
represented by the material element shown in Figure 33
were measured and their values are listed in the
following table.
TABLE 8
DISPLACEMENT COMPONENTS
OF THE FOUR ADJACENT POINTS

u
cµ.f)

u
Cf¥i)

75

78.54

14.69

2,975

75

78.67

14.56

m,n+l

3,000

100

56.23

10.13

m,n-1

3,000

50

148.21

21. 73

MESH
POINT

x-coordinate
(µm)

Y-coordinate
(µ.m)

m+l,n

3,025

m-1,n
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Noting that ~x = so

m=

~

Y and using equation

( 33) , the following will give numerical values of the

displacement gradients at point
l>Ux

::::

78.54

l>X

l>Ym,n
l>Uy

l>Xm, n
l>Uy

-

56.23

-

14.69

-

10.13

~

bYm,n

78.67
= -

0.0026

50

m,n

l>Ux

-

(m,n)

- 148.21

=

50

- 14.56

-

1.84

0.0026

=

50

- 21. 73
50

=

-

0.232

Substituting the above values into equations (31) and
(32) gives the strain in X and Y directions as

=

-0.00259

=

1.487

mm/mm

mm/mm

APPENDIX B
DYNAMIC STIFFNESS ANALYSIS IN TRIBOCONTACT
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M.A. SEIF, F . A. MOSLEHY and S. L. RICE
Department of Mechanical Engineering, University of Central Florida, Orlando, FL 32816
(U.S.A.)

Summary
This paper presents the methodology and results of analysis for pin-ondisc tribosystems for the "dynamic stiffness" between specimen and
counterface materials. Dynamic stiffness is defined in terms of the tendency
of the contact between pin and disc to be maintained in the event that
separation of the triboelements occurs. Thus both the dynamic stiffness and
the more straightforwardly obtained static stiffness are important in the
overall behavior of tribotesters since system response is increasingly recognized as an important factor in friction and wear.
In the present work, two designs for application of normal load are
investigated. One of these is the "dead-weight" technique; the other is essentially the "governor mechanism". With the dead-weight design the normal
load is applied to a rotating disc through a pivoted lever. With the governor,
instead of controlling speed by means of displacement, the normal force
applied to the rotating disc is established by controlling the speed of an
independently driven motor.
With both systems the rotating disc contacts a stationary pin. In order
to analyze the dynamic interaction between pin and disc it is necessary to
model the pin and its supports, as well as the disc and the mechanisms which
are used to provide the normal load. These models are represented in terms
of lumped parameters.
For purposes of analysis and of comparison between the two alternative
designs, the initial conditions consisted of a nominal separation between pin
and disc, and a zero approach velocity. In tribotesting, such an event might
occur with the removal of a relatively large piece of wear debris. While
unlikely as such, this initial condition allows comparison between the two
configurations. This comparison then determines the dynamic stiffness for
the two designs.
Interestingly, the governor mechanism provides excellent dynamic stiff·
ness as well as tunable static stiffness. The latter may be useful in a general
sense in that friction and/or wear test simulations may be made to resemble
closely tribocontact stiffness conditions which occur in practice.
•Paper pre,ented at the International Conference on Wear of Materials, Houston,
TX, U.S.A., April 5 - 9, 1987 .
0043-1648/87 / $3.50
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1. Introduction

It is now recognized that wear processes are influenced by many
factors, including the dynamic response characteristics of contacting triboelements and their supporting and driving components. One of the earliest
illustrations of such dynamic effects is the phenomenon of discontinuous
kinetic friction, or friction-excited vibration, which was studied as early as
1940 by Bowden and Leben [1].
The importance of normal stiffness in frictional contact was first
studied by Tolstoi [2]. In this work, it was demonstrated that normal displacements occur during sliding contact and that such displacements are
important in exciting vibrations in tribosystems. Similarly, Elder and Eiss
[ 3] studied the effect of the normal stiffness of the loading arm of a tribotester on the kinetic forces between two bodies in sliding contact. The
results demonstrated that the amplitude of "stick-slip" vibrations could be
reduced by increasing the normal stiffness.
In work by Rice et al. [ 41, in experimental pin-on-disc studies, it was
shown that test specimens (pins) of different unsupported length will give
rise to fundamentally different wear behavior (e.g. amount and direction of
material transfer, rate of wear etc.). This is true even though all of the usual
factors (normal load, surface finish, contact geometry, environment, relative
sliding velocity, nominal contact stress, contact area, specimen-counterface
orientation etc.) are not affected by a change in unsupported pin length.
More recently, Soom and Kim [ 5] investigated the interaction between
dynamic normal and frictional forces by changing either the stiffness of a
support arm or the sliding velocity. For dry sliding conditions, this work
showed that frictional and normal force fluctuations are in phase and are
related in magnitude by a ratio larger than the currently measured average
kinetic friction coefficient.
Similarly, Aronov et al. [ 6, 7] demonstrated the significance of apparatus "stiffness" effects both for dry and water-lubricated sliding conditions.
In the latter, transitions from "mild-to-severe" friction and wear were found
to be independent of system rigidity but dependent upon normal load. However, the "mild" wear rate increased both with rigidity and normal load.
In the case of dry frictional contact, the system stiffness significantly
affected the normal load at which a "mild-to-severe" transition occurred.
Still more recently, Chiou et al. [8] observed that increased normal
stiffness leads to increased wear rates. Moreover, a "severe" wear regime is
promoted by lower sliding velocities at larger normal apparatus stiffnesses.
Further increased normal stiffness leads to decreases in wear rate and a
"mild" 'wear regime is fostered by higher sliding velocities at larger normal
stiffnesses.
Thus the rigidity of tribotest apparatus is increasingly recognized as an
important factor in the measurement of friction and wear. Most work to
date has focused upon normal stiffness but lateral rigidity is also important.
In either case, quasi-static system stiffnesses can be straightforwardly
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determined, although care must be taken to include not only the stiffness of
the unsupported pin specimen but also the stiffnesses of all supporting elements which elastically deform owing to normal and frictional loads between
pin and disc .
When this is done, vibrational analyses can be performed to determine
natural frequencies, mode shapes, instabilities, noise generation etc. [ 9 - 12].
In some cases, wear behavior can then be associated with operation of the
tribotest apparatus at critical speeds which serve to superimpose vibrational
displacements or forces upon the quasi-static equilibrium contact of pin and
disc. In any case, quasi-static stiffness is an important consideration both in
the design of tribotest apparatus and also in the interpretation of wear data
(particularly data obtained at various apparatus speeds or where vibration of
tribotest system elements is significant).
Beyond the static stiffness considerations discussed above, "dynamic"
stiffness of the contact itself is likewise important. That is, the tribotest
apparatus should be designed so that when contact between pin and disc is
lost there is an immediate tendency for the triboelements to "re-engage".
This is obvious since invariant contact conditions should be maintained to
the maximum extent possible. Intermittent contact is clearly to be avoided
and therefore a tribotest apparatus which is designed for "stiff contact",
irrespective of applied normal load, is desirable . Such a dynamically stiff
contact would be one where pin and disc, if temporarily separated for whatever reason (e.g. a wear particle breaks off), are quickly compelled to regain
their equilibrium quasi-static contact conditions. Thus, to summarize, quasistatic stiffness refers to tribotest apparatus in an equilibrium configuration.
Both normal and lateral system stiffnesses are easily calculated, and various
vibrational modes may exist, but the tribocontact is usually presumed
"unbroken". In contrast, dynamic stiffness refers to non-equilibrium conditions where the tribocontact has been interrupted by a wear event. A dynamically stiff contact is one where equilibrium quasi-static operation is quickly
re-established. In the sections which follow, two load application mechanisms (governor and lever) are analyzed to determine their dynamic stiffness
or response characteristics.

2. Governor mechanism
The well-known governor mechanism is shown schematically in Fig. 1.
The illustration is split in order to show both initial (right) and displaced
(left) positions. In addition, force and angular momentum vectors are shown
on the right-hand side of the figure while pertinent dimensions are shown on
the left. In the configuration shown, the upper disc is the input sheave which
is driven at angular velocity w. The vertical coordinate of this upper disc is
fixed but the intermediate links and the lower disc can all move until an
equilibrium configuration is obtained. It should be noted that ~he ~ow~r disc
is connected to a hollow shaft on which the counterface disc 1S dll'ectly
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mounted . Thus, neglecting elastic deformations in these components, any
vertical motion of the governor lower disc corresponds directly with displacement of the counterface disc.
Quasi-static equilibrium is obtained when the resultant vertical inertial
force of the governor Fe is balanced by the force F which is due to contact
of the counterface disc ·with the pin (not shown). It should also be noted
that the hollow shaft is driven independently from the governor mechanism .
This is accomplished by means of a separate drive motor which rotates the
central solid shaft at angular velocity n. The central shaft, which does not
move vertically , is keyed to the hollow shaft, which does move vertically.
Thus the normal operation of the governor mechanism, in which speed is
controlled by a displacement input, is inverted. That is, the mechanism is
used in a manner which allows the normal force F to be controlled. This is
accomplished by choosing the equilibrium configuration of the governor
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(angle 0) and then simply running the governor (upper disc) drive motor at a
given speed w.
The actual relationship between these variables (i.e. a "load equation")
can be obtained by the "principle of virtual work" as expressed by

(1)
As shown in Fig. 1, various forces and moments act on the governor
mechanism. When the counterface disc is subjected to a virtual displacement
6 Y the hollow shaft and the lower disc experience the same virtual displacement while the upper disc is stationary vertically. Thus the side links adopt a
new configuration and, after substituting into eqn. (1), and following some
manipulation, a "load equation" is obtained
2

F = w ~L cos 0 (

!

mL + m 0 w) + a cot 0 ( mL + mow) f

- (mo + ms + mLD + 2mL + m 0 w)g

(2)

It should be noted that the normal force F exerted on the counterface
disc by the pin specimen is equal and opposite to the force Fe exerted on the
pin by the disc at equilibrium. For a given governor mechanism (specified
geometry and mass elements) at a given equilibrium configuration (angle 0),
eqn. (2) gives the relationship between the normal force F acting between
pin and counterface disc and the rotational speed of the governor w. For the
specific mechanism described in Table 1, this relationship can be seen in
Fig. 2 for several values of the equilibrium angle 0. It is clear that, for a given
equilibrium configuration, the normal load can be varied over a wide range
by changing the speed of the governor drive motor. It should also be noted
from Fig. 2 that at w = 0 a negative force exists between pin and disc. This
means simply that to maintain contact (at w = 0) a force must be applied to
overcome the weight of the governor links.
Clearly, the equilibrium position of the lower disc can be represented in
terms of angle 0 as follows:

Ye= Y LO= 2L

COS

(3)

0

TABLE 1

Governor parameters

Gouernor parameters

L
a
()e

Ye
meq

---

0.080
0.030
30.0°
0.139
1.653

m
m
m
kg

mo
ms
mLo
mL

• 0.350 kg
• 0.513 kg
• 0.573 kg
• 0.088 kg
m'fNi"' 0.200 kg
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Thus the data of Fig. 2 can be represented alternatively as shown in Fig. 3.
This better shows the variation in normal contact force which the governor
mechanism would exert at different equilibrium positions (e.g. Ye 1 , Ye 2
etc.).
It should be noted that this mechanism provides an easily "tunable"
static stiffness in that each curve of Fe vs. Ye has a different slope at a given
nominal equilibrium position. Thus, by selecting both governor speed w and
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configuration Ye, a wide variation in effective stiffness can be obtained. For
example, a normal load of roughly 630 N can be obtained by running either
in equilibrium position 1 (Ye 1) at governor speed 140 rad s- 1 or in equilibrium position 2 (Ye 2) at 180 rad s- 1 • The normal stiffness variation between
these two positions, as evidenced from the different slopes, is clearly significant.
In practice, speed is easily controlled by means of the drive motor and
the configuration can be simply changed by using a pin of a different
unsupported length (which allows the counterface disc to come to a different equilibrium position). This tunable static stiffness characteristic may be
quite useful in practice either (a) to simulate actual contact conditions or
(b) to allow laboratory investigations of stiffness effects in tribotesting.
Mathematically, the system stiffness at a given point (equilibrium configuration) can be expressed as
dFe
dFe d0
keq = dYe = d0 dYe

(4 )

Using eqn. ( 4) and manipulating, an expression for the equivalent system
stiffness for the governor mechanism is obtained
(5)

For given geometry and mass elements, eqn. ( 5) clearly indicates the relationship between stiffness and governor speed w and configuration 0 .
The equivalent mass of the governor system can be deduced straightforwardly from the kinetic energy of the system [13, 14]. The result is
shown as
(6)

To model the dynamic response of the tribocontacting elements (pin
and disc), consideration must be given not only to the governor mechanism
but also to the pin and its supports. For the present apparatus, the stiffness
of the pin itself, and of its supports, vastly exceeds that of the governor
mechanism (at any proposed operating configuration and speed). Thus it is
reasonable to consider the pin and its supports as a rigid body for the purposes of dynamic analysis and the governor is modeled as a single degree of
freedom system .
Figure 4 illustrates the governor and pin-support structure in several
states or positions. For clarity, only vertical forces are shown. Horizontal
forces (such as the frictional force) and related moments do not affect the
vertical force balance which leads to the equations of motion relevant to the
dynamic response considered herein. In the first position, at a time equal to
o- the system is in dynamic equilibrium at a given speed w. Thus, at this
op~ating state, there is a normal force F acting between pin and disc and the
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m
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k
POSITION ( 1)
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I
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POSITION (2)

l

c911 y \qY F8
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POSITION (4)

t = ot - o♦
t<T,
T1<t<T2
Fig . 4. Positions (or states of motion) for the governor mechanism.

POSITION (6)

T2<t

governor mechanism is in an equilibrium operating position. It should be
noted that the governor stiffness is easily determined at this state and, for
small displacements Y, the change in force AFe, which the governor system
exerts at that operating speed, is easily determined from linearizing around
th_e equilibrium position (Me = keq A Y = keq Y, see Fig. 3).
Now the dynamic response of the system is initiated by some event
owing to the wear process. This could be the sudden removal of a relatively
large piece of wear debris or it could be due to uneven accumulation of
material around the wear track. Either of these events can be represented in
terms of a step change in displacement A from the equilibrium state (position 1) to a new perturbed state (position 2). In this second state, the system
is no longer in equilibrium but, rather, the governor system tends toward
re-establishing contact, beginning at t = o+. Thus a motion phase begins, with
the system as illustrated in position 3. In this, the change in the governor
force Me is represented by keq y and some damping (Ceq) is assumed.
The equation of motion of the governor system prior to re-established
contact with the pin is straightforwardly obtained

(7)
The general solutions for t > 1 and t < 1 are shown below in eqns. (Sa)
and (Sb) and eqns. (Sc) and (Sd) respectively (13]
y =

l

v0 +(Fe/keq)X2 -y 0 X2} ;u ~vo+(Fe/keq)X1-YoA1f '-:it
Fe
--------- e , +· --------- e + X1 - X2
X2 - X1
keq

(Sa)
(Sb)
where
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and
A2

= Wn{-t- (t 2 -1) 112 }

For the datum shown in Fig. 4, initial conditions for the motion phase
shown as position 3 are zero displacement and velocity. From eqns. (Sa) or
(Sc), the time required for the counterface disc to recontact the pin initially
T I can be readily calculated by means of the searching method ( 15]. Once
this transit time is known, the velocity at which the counterface disc recontacts the pin can be found from eqns. (Sb) or (8d). There follows next an
impulsive contact between these two triboelements which is modeled here as
a purely elastic impact since the velocity of approach is small. This contact
condition is shown as position 4, during which the equation of motion can
be represented as (16]
meqY + CeqY + keqY

= Fe -

R

(9)

The impulsive contact force R can be expressed as ( 1 7]
R

= meqf3(y -

A) 3 ' 2(1.5ay + 1.0)

(10)

Now, eqn. (9) can be solved by the modified Runge-Kutta method
[18] for initial conditions y(r 1) = A and recontact velocity y(r 1) as determined earlier from eqns. (Sb) or (8d). Thus the duration of the impact event
r 2 - T 1 can be found and the rebound velocity can be calculated. This leads
to separation of pin and counterface disc, as shown in position 5 of Fig. 4.
Following separation, the motion is the same as given earlier by eqn. (7)
which is solved subject to the conditions of initial displacement y( T 2 ) = A
and with the initial velocity y( T 2) being given by that calculated for rebound.
Motion continues subsequently in states represented by positions 4 and 5 of
Fig. 4 until a new equilibrium contact configuration is obtained.
Computations were run for the governor properties summarized in
Table 1 and Figs. 5 and 6 are illustrative of the system's dynamic response
for the cases of operation at high load (large nominal contact stress between
pin and disc) for both light and heavy damping. It should be noted that
finite times of impact can be seen between the finite separation intervals.

3. Lever mechanism

One of the most common means of providing a normal load in tribotesting is by means of a dead-weight, usually applied through a pivoted lever.
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Fig. 6. Effect of heavy damping on the time response of the governor mechanism at high
load: Fe• 808 N; A= 0.001 m; Ceq = 2000 N s m- 1 ; keq = 14 930 N m- 1 .

This system is widely employed because it is simple and inexpensive. Figure 7 illustrates such a lever mechanism where the load due to the deadweight, as modulated by the ratio N, is transmitted to the lower disc through
a hollow shaft and directly to the counterface disc. As with the governor
design, the hollow shaft is free to move vertically and is keyed to a central
solid shaft which does not possess vertical motion capability. Rotation is
provided by a motor which drives the central shaft at angular velocity n.
The dynamic modeling and analysis is similar to that presented for the
governor mechanism. The expression for the normal force acting between
pin and disc is
(11)

With the lever mechanism, the load is essentially independent of the displacement of the counterface disc and hence this system can be treated as
having zero equivalent stiffness keq = 0.
The equivalent mass of the lever system can be obtained straightforwardly as
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~
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Fig . 7 . Schematic drawing of the lever mechanism.

(12)

and, as with the governor mechanism, the various motion states of Fig. 4 can
be envisioned for the lever mechanism. That is, the lever system is initially
operating in an equilibrium configuration with a given normal load acting
between pin and disc (position 1). Then, a wear event occurs, causing a disequilibrium (position 2). Motion ensues (position 3) until impact occurs
between pin and disc (position 4). The impulsive interaction takes place over
a finite time r 2 - r 1 and then separated motion occurs. Subsequent motion
consists of alternating separations and impacts and the solution methodology
is the same as given earlier. The equation of motion for this system is
(13)

and the general solutions for displacement and velocity are [18]
(14a)

y =

Vo -

Fe

{e- (Ceq / meq)t

-1}

(14b)

Ceq

Computations were made for the lever system described in Tabl~ 2.
Illustrative results are shown in Figs. 8 and 9 for high load (high nominal
contact stress) for both light and heavy damping.
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TABLE 2
Lever parameters

Lever parameters
N
mLl

"'Ll/L2 = 6
"'1.333 kg

ms "'0.513 kg
mo = 0.350 kg
mLD"' 0.573 kg

mL:2 = 0.800 kg
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.3

.4

.5

Time, t (s)

Fig. 8. Time response of the lever mechanism at high load (high contact stress): F
808 N; meq = 510 kg; Ceq"' 20 N & m- 1 ; t:. = 0.001 m.
eq

=

.001

Time, t (a)

Fig . 9 . Effect of heavy damping on the time response of the lever mechanism at high
load: Fe"' 808 N; meq s 510 kg; Ceq"' 2000 N & m- 1 ; t:. • 0.001 m.

4. Discussion
The dynamic response of both governor and lever mechanisms is summarized in Table 3. These results are tabulated for conditions of high and
low load (nominal contact stress) and for light and heavy damping. In addition, two initial step sizes were investigated and the object was to determine
the time required for each system to achieve "recontact" following such
initial step disturbances. In this analysis, it is important to recognize that
the purpose is to compare two different mechanical systems in terms of
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TABLE 3
Dy~arnic response of the two mechanisms for different load , damping and initial separation

Condition

Total time required to achieve
1 µm separation
(s)

A

Ceq

(m)

(N s m-

0 .0001

0 .001

1)

Fe

Governor

Lever

(N)

20

12
808

0 .321
0 .091

1.386
> 20

2000

12
808

0.020
0.006

0.083
0.856

20

12
808

0 .603
0.112

2.968
>20

2000

12
808

0.166
0.010

0.242
1.096

"dynamic stiffness". The purpose is not to attempt to include all tribological
phenomena, such as the formation of wear debris and the effects of such
"third bodies" on dynamic response etc. Since, mathematically, an infinitely
long time would be required for such re-established contact, a separation of
1 µm was selected as representative of a practical limit. From the table, it is
apparent that the governor mechanism possesses a superior dynamic stiffness
in all cases. That is, the time required for contact to be re-established is
faster for the governor than for the lever and this is particularly true at the
higher loads where the response time is orders of magnitude faster. Even at
low loads the governor system re-establishes contact roughly four times more
quickly than does the lever, except for the heavily damped case where the
factor is only 0.242/0.166 or 1.46. Thus the governor system is significantly
more responsive to wear-induced perturbations than is the lever mechanism.
In the analyses reported here, the lower value of damping was obtained
as a representative value for mechanical systems [19). The higher value was
two orders of magnitude greater and was selected to explore the effects
which might be obtained by imposing significant external damping. For ~ =
0.0001 m, it appears that increasing Ceq from 20 to 2000 N s m- 1 improves
the response time by a factor of about 16, both for low and high loads.
For ~ = 0.001 m, the improvement varies from 3.6 to 12.3 or more.
Depending upon the initial step displacement postulated and upon the
normal load at which wear tests are to be conducted, there is an optimal
level of damping for the fastest system response. Thus adjustable damping
should be provided since this optimum varies with normal load. This variation occurs with the governor mechanism because of keq dependence and
with the lever because of meq dependence upon normal load.
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5. Conclusions
This paper defines dynamic stiffness and describes its significance in
tribotest apparatus. Further, a methodology is developed whereby alternative tribotester designs can be compared for performance in this area of
dynamic stiffness or response. Finally, two specific designs, a governor
mechanism and a lever-dead-weight system, are compared . In this, the
governor mechanism appears to offer two primary advantages as compared
with the lever-dead-weight load application mechanism.
(1) The governor returns considerably more quickly to an equilibrium
configuration when a wear event perturbs the normal operating conditions.
(2) The governor provides a means by which wear tests can be conducted at easily varying contact stiffnesses. This will allow laboratory investigations of the importance of this parameter in tribotesting.
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Appendix A: Nomenclature

a
c
F
g

H
k

L
m

N
R

t
v
X
y
Y

a
{3
A

t

0

r

linkage dimension, governor mechanism (m)
damping constant (N s m- 1 )
normal force exerted on counterface disc by pin specimen (N)
gravitational acceleration (m s- 2)
angular momentum (kg m 2 s- 1)
stiffness(Nm- 1 )
linkage dimension, governor mechanism (m)
mass (kg)
lever ratio (Ll/L2)
impact force (N)
time (s)
velocity (m s- 1 )
linkage coordinate, governor mechanism (m)
displacement of disc from nominal contact position (m)
linkage coordinate, governor mechanism (m)
damping factor in elastic impact (s m- 1 )
material and shape constant in elastic impact (s- 2 m- 112 )
step change in displacement from nominal contact position (m)
damping ratio
linkage coordinate, governor mechanism (deg)
time relative to impact (1 equals before impact, 2 equals after impact)
(s)

w
wd

Wn

n

angular velocity of governor mechanism (rad s- 1 )
damped frequency (rad s- 1)
natural frequency (rad s- 1)
angular velocity of counterface disc (rad s- 1 )

Subscripts
D
disc
OW dead-weight
e
equilibrium ( or nominal contact) position
eq equivalent
L

Ll

link
left side of lever, lever mechanism
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L2
LD
LL
0

right side of lever, lever mechanism
lower disc, governor or lever mechanism
lower link, governor mechanism
initial condition
s shaft
UD upper disc, governor mechanism
UL upper link, governor mechanism
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